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013.07.0Abstract To investigate the thermo-mechanical response of channel wall nozzle under cyclic work-
ing loads, the ﬁnite volume ﬂuid-thermal coupling calculation method and the ﬁnite element
thermal-structural coupling analysis technique are applied. In combination with the material low-
cycle fatigue behavior, the modiﬁed continuous damage model on the basics of local strain approach
is adopted to analyze the fatigue damage distribution and accumulation with increasing nozzle work
cycles. Simulation results have shown that the variation of the non-uniform temperature distribution
of channel wall nozzle during cyclic work plays a signiﬁcant role in the thermal-structural response
by altering the material properties; the thermal–mechanical loads interaction results in serious defor-
mation mainly in the front region of slotted liner. In particular, the maximal cyclic strains appear in
the intersecting regions of liner gas side wall and symmetric planes of channel and rib, where the
fatigue failure takes place initially; with the increase in nozzle work cycles, the residual plastic strain
accumulates linearly, and the strain amplitude and increment in each work cycle are separately
equal, but the fatigue damage grows up nonlinearly. As a result, a simpliﬁed nonlinear damage
accumulation approach has been suggested to estimate the fatigue service life of channel wall nozzle.
The predicted node life is obviously conservative to the Miner’s life. In addition, several workable
methods have also been proposed to improve the channel wall nozzle durability.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
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45combination with the pressing need for reduction of both pro-
duction and operational cost have led to the birth of the idea
of reusable space transportation systems.1,2 As an indispens-
able part of high performance, reusable liquid rocket engine
such as the space shuttle main engine (SSME)3,4 and RD-
0120,5 the regenerative cooling nozzle has made some signiﬁ-
cant contribution to the successful development and applica-
tion of the launch vehicles. Fint et al. 6 introduced a brazed,
milled channel wall nozzle construction applied to SSME
which is different from the current SSME tube wall nozzle,
and indicated that nozzles with slotted liners provide a more
robust and lower-cost alternative to the tube wall nozzles.
Moreover, the concept for a typical channel wall nozzle is aSAA & BUAA. Open access under CC BY-NC-ND license.
1450 C. Cheng et al.relatively simple and elegant design solution with a signiﬁ-
cantly reduced part count compared with a tube wall nozzle.
This ultimately results in better reliability and longer service
life. During the cyclic operation of pre-cooling, start up, hot
run, shut down, post-cooling and relaxation, the elastic–plastic
deformation of channel wall nozzle induced by the synergy of
high-speed hot gas and high-pressure cryogenic coolant results
in residual strain, and subsequently accumulates to an extent
that cracks initiate (i.e., failure occurs) in the cooling channels
after numerous work cycles. Hence, the low-cycle fatigue
(LCF)7–9 is the primary service life limit factor of regenerative
cooling channel wall nozzle.
Substantial progress has been made on the research of
life prediction methods for cooling channels of reusable
thrust chambers,10–13 but almost all the analytical models
are restricted to the simpliﬁed throat cross section. The more
notable thing is that few investigations on the fatigue dam-
age mechanism and life estimation approach of channel wall
nozzle can be retrieved although there are respectable sur-
veys on the coolant ﬂow and heat transfer of cooling chan-
nels.14,15 The load-bearing conditions of regenerative cooling
nozzle are quite different from that of thrust chamber dur-
ing a full operation cycle. Speciﬁcally speaking, the pressure
and heat ﬂux caused by hot gas are subordinate, while the
coolant pressure plays a dominant role in the nozzle defor-
mation. In addition, the coolant ﬂow and heat transfer as
well as the channel wall deformation present obvious
three-dimensional characteristics attributing to the sharp
variation of channel aspect ratio axially along the nozzle
extension. In the present study, the ﬁnite volume ﬂuid-
thermal coupling calculation method, nonlinear ﬁnite
element thermal-structural coupling analysis method and
local strain method are adopted to investigate the thermal-
structural response and low-cycle fatigue damage of three-
dimensional, regenerative cooling channel wall nozzle under
cyclic working loads. The method of whole-ﬁeld discretiza-
tion and solution is applied to the coupled ﬂuid-thermal
model by ﬁnite volume approach, and the heat transfer in
solid domain is evaluated directly by energy equation.
During coupled thermal-structural analysis, the calculated
thermal load and the changed material properties with
temperature are employed as the important affecting factors
to the structural response analysis in ﬁnite element
approach. The local strain method is primarily used to
assess the crack initiation life for low-cycle fatigue failure in-
duced by cyclic elastic–plastic deformation under perilous
loading conditions. Meanwhile, several methods are also
suggested for improving the channel wall durability and a
simpliﬁed fatigue life prediction method is provided for the
slotted liner.Table 1 Main operational and structural parameters of channel wa
Parameter Value
Chamber pressure (MPa) 11
Propellent LO2/LH2
Mixture ratio 6.0
Coolant operating pressure (MPa) 20
Coolant mass ﬂow (kg/s) 1.188
Coolant initial temperature (K) 200
Throat diameter (mm) 24.82. Computational conﬁguration
The simpliﬁed conical contour has been adopted for the regen-
erative cooling nozzle. The optimized cooling channels are ap-
plied to the channel wall nozzle reference to the subscale hot-
ﬁring test nozzle by Volvo Aero Corp.16,17 The main opera-
tional and structural parameters of the channel wall nozzle
are given in Table 1. The high thermal conductivity copper-
based alloy NARloy-Z18 is used for liner material and the high
strength nickel-based alloy Inconel-718 is chosen for jacket
material. Considering the simulation accuracy and computa-
tional capacity, only one uniform block depicted in Fig. 1(a)
is chosen as the computation domain. The block is divided
from the three-dimensional channel wall nozzle corresponding
to each circularly symmetric rib. The domain includes gas
zone, coolant zone, liner zone and jacket zone. The ﬁnite vol-
ume mesh for ﬂuid-thermal coupling calculation and the ﬁnite
element mesh for thermal-structural coupling analysis are
demonstrated in Fig. 1(b) and (c), respectively. The multi-
block abutting structured grid approach19 is applied to the ﬁ-
nite volume model. The computational domain is decomposed
into ﬁve isolated blocks along the ﬂuid–solid coupled surfaces,
through which the continuous temperature and heat ﬂux are
satisﬁed as the coupling interface conditions. Subsequently,
the ﬁnite difference schemes are used to generate the structured
grid in each block. To improve the simulation accuracy of
boundary layer ﬂow and ﬂuid–solid heat transfer, mesh reﬁne-
ment in the vicinity of the coupled surfaces is employed. The
three-dimensional, eight-node solid element is adopted to dis-
sociate the ﬁnite element model. It can be used not only for
structural analysis as Solid 45, but also for thermal analysis
as Solid 70 based on ANSYS Workbench. Meanwhile, ascrib-
ing to the interpolation method introduced to applying the
interface conditions,20 different grid layouts on ﬂuid–solid
coupled surfaces between the ﬁnite volume model and the ﬁnite
element model have been employed here.
3. Methodology
According to the variations of pressure and thermal load of the
channel wall nozzle, the numerical simulation is demarcated
into four load steps21,22 as listed in Table 2. We conduct the
ﬂuid-thermal coupling calculation among hot gas, solid wall
and coolant, and obtain the interface conditions on ﬂuid–solid
coupled surfaces for the ﬁnite element model. Subsequently,
the nonlinear thermal-structural coupling analysis is applied
to solving the stress–strain response of slotted liner under cyc-
lic thermal–mechanical loads based on the following
assumptions:ll nozzle.
Parameter Value
Nozzle extension area ratio 5:1–36:1
Channel number 66
Liner thickness (mm) 0.8 (5:1)–1.1 (36:1)
Channel width (mm) 1.92 (5:1)–6.39 (36:1)
Channel height (mm) 1.5 (5:1)–2.0 (36:1)
Rib width (mm) 0.8
Jacket thickness (mm) 1.1
(a) Calculation model                   (b) Finite volume mesh (c) Finite element mesh
Fig. 1 Calculation model and mesh of channel wall nozzle.
Table 2 Calculation load steps of channel wall nozzle.
Load step Operation
stage
Coolant
pressure (Mpa)
Assumed
time (s)
I Pre-cooling 0–15.6 22.5
II Start up, hot run 15.6–20 190
III Shut down, post-cooling 20–0 287.5
IV Relaxation 0 100
Thermal-structural response and low-cycle fatigue damage of channel wall nozzle 1451(1) During the pre-cooling and post-cooling processes, the
thermal ﬁeld varies linearly between the uniform envi-
ronmental temperature ﬁeld and pre/post-cooling tem-
perature ﬁeld.
(2) With the pressure drop along cooling channels being
ignored, the coolant pressure varies linearly during the
cyclic operation. Moreover, the gas side wall pressure
of nozzle extension is negligible.
(3) The elastic–plastic structural deformation of channel
wall nozzle is not inﬂuenced by the progressing low-cycle
fatigue damage.23
(4) The creep deformation of channel wall material is
negligible.
The signed von Mises equivalent method is employed to ac-
quire the cyclic strain amplitude for each ﬁnite element accord-
ing to the ‘‘stretch’’ or ‘‘compress’’ status in the cyclic work
process. In combination with the low-cycle fatigue behavior
of nozzle materials, the local strain approach24,25 is adopted
to analyze the fatigue damage distribution of channel wall noz-
zle and the modiﬁed continuous damage model is applied to
obtaining the damage accumulation feature with the increase
of nozzle work cycles.3.1. Fluid-thermal coupling calculation method
The complicated ﬂow ﬁeld of regenerative cooling nozzle,
which includes supersonic, compressible hot gas and low-
speed, incompressible cryogenic coolant, results in the Na-
vier–Stokes equations with noticeable stiffness in numerical
calculation. Hence, the time-derivative preconditioning meth-
od26 is applied to adding time derivative of pressure to the con-
tinuity equations. The induced coupled pressure–velocity
relation enhances the computational stability for incompress-
ible ﬂow, and yet has a negligible inﬂuence on the simulation
convergence for supersonic ﬂow. The preconditioned govern-
ing equations27 can be written in vector notation as
C
@
@t
Z
V
QdVþ
I
F Fv½ dA ¼
Z
V
HdV ð1Þ
where C is the preconditioning matrix; Q, F, Fv and H are the
vectors of primitive variables, convective variables, viscid vari-
ables and source variables, respectively. While Q= [p u v w
T]T, Eq. (1) can be used to calculate the ﬂow behavior of hot
gas and coolant as the simultaneous conservation equations
of mass, momentum, and energy, where p, u, v, w and T are
the pressure, component of velocity vector at x, y and z axes,
and temperature, respectively; While Q is the internal energy
[E], Eq. (1) can simulate the thermal ﬁeld of channel wall just
as the function of temperature inside solid zone.
The calculations have been carried out by using the fully
implicit ﬁnite volume method, and standard K–e equations
are applied for the turbulence model. To capture the ﬂow fea-
tures accurately, the discretization of the convective terms are
done by the second-order upwind scheme and the viscid terms
by the central difference scheme. Assumed to be idea gas, the
thermodynamic parameters of hot gas are given in Table 3,
whereM is the mean molar mass, Cp is the speciﬁc heat at con-
stant pressure, k is the thermal conductivity, l is the dynamic
Fig. 2 Variation curves of thermodynamics parameters of
coolant and nozzle materials vs temperature.
Table 3 Thermodynamics parameters of hot gas (idea gas).
Parameter Value
M (kg/kmol) 13.505
Cp (J/(kgÆK)) 8267.643
k (W/(mÆK)) 0.6064
l (kg/(mÆs)) 9.74 · 105
Fig. 3 Stress–strain curves of liner material at different opera-
tion temperatures.
1452 C. Cheng et al.viscosity coefﬁcient. The variation curves of coolant thermody-
namic parameters with temperature under operation pressure
20 MPa are shown in Fig. 2(a) and the variation curves of ther-
mal conductivity vs temperature for liner and jacket material
are depicted in Fig. 2(b).
3.2. Thermal-structural coupling analysis method
Considering the variations in material thermodynamics prop-
erties with operational temperature, the equilibrium equation
for nonlinear ﬁnite element thermal analysis of channel wall
nozzle is described as
C Tð Þ oT
ot
þ K Tð ÞT ¼ P ð2Þwhere C(T) and K(T) are the matrixes of speciﬁc heat and ther-
mal conductivity respectively; T and P are the vectors of node
temperature and node heat ﬂux respectively. The Galerkin
weighted residual method28 is used to solve the Fourier ther-
mal conduction differential equation. The thermal boundary
load is gradually applied by the automatic time steps. The
Newton–Raphson method29 is adopted to obtain the iterative
solution of Eq. (2).
The cyclic thermal–mechanical loads interaction of channel
wall nozzle usually leads to the elastic–plastic deformation. On
the account of the nonlinear material constitutive relation, the
static equilibrium equation for ﬁnite element thermal-struc-
tural coupling analysis is given as
KT dð Þd ¼ Rþ Rth ð3Þ
where KT(d) is the global tangent stiffness matrix; d, R and R
th
are the vectors of node displacement, node mechanical load
and node thermal load, respectively. Because the stress is clo-
sely related to the loading history during the elastic–plastic
deformation stage, the Euler-Newton method30 has been ap-
plied to solving Eq. (3). Based on the incremental theory, the
nonlinear constitutive equation during the loading process,
where the plastic strain is characterized by von Mises yield cri-
terion and isotropic hardening hypothesis,21,31 is given as
de ¼ dee þ dep þ deth
dee þ dep ¼ D1drþ 1
A
 ofor ofor
 T
dr
A ¼  Bþ oforp
 T
D ofor
 
B ¼ ofoj rT ofor j ¼ wpð Þ
8>>><
>>>:
ð4Þ
where e, ee, ep, eth, r and rp are the vectors of node total strain,
node elastic strain, node plastic strain, node thermal strain,
node total stress and node plastic stress, respectively; D is
the elastic matrix; f= f(r,j) is the loading function with j
being the strengthen parameter reﬂecting the load history
and wp being the plastic work. The stress–strain behavior at
different operational temperatures of liner material32 is shown
in Fig. 3. It reveals that the thermal load can not only bring
about the channel wall deformation directly, but also affect
the structural response by inﬂuencing the material constitutive
relation as well.
Table 4 Grid independence validation of channel wall nozzle.
Model Grid layout Liner grid
a b c d e Elements Nodes
Case 1 1 3 2 3 100 1700 3030
Case 2 2 5 3 4 140 6160 9024
Case 3 3 8 5 6 180 20340 26064
Adopted mesh 4 10 6 8 200 35200 43215
Case 4 5 12 8 10 220 62040 72930
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Several models have been proposed to determine the number
of cycles to failure based on stress, strain, or energy. The
stress-based approach, which is the oldest method to life pre-
diction, is usually expressed as a function of the fatigue
strength parameters. Basquin33 proposed the equation as
follows:
ra ¼ r0fð2NfÞb ð5Þ
where ra, Nf, r0f and b are the cyclic stress amplitude, fatigue
life, fatigue strength coefﬁcient and fatigue strength exponent,
respectively. Power-law equation is the most common type for
the stress-based fatigue life models.
The strain-based approach, which is one of the most widely
used methods for predicting the material life, is especially use-
ful in the case of low-cycle fatigue. If only plastic strain is con-
sidered, the function correlating the number of cycles to plastic
strain is described by the Cofﬁn–Manson34 equation as
Dep
2
¼ e0fð2NfÞc ð6Þ
where Dep, e0f and c are the inelastic strain range, fatigue duc-
tility coefﬁcient and fatigue ductility exponent, respectively.
Based on Miner’s rule of linear damage accumulation,35 the
low-cycle fatigue life is provided by the Basquin and Cofﬁn-
Manson equations. Employing the mean stress correction,36,37
the calculation formula is given as follows:
ea ¼ r
0
f  rm
E
ð2NfÞb þ e0f 1
rm
r0f
 ðc=bÞ
ð2NfÞc ð7Þ
where ea, rm and E are the cyclic strain amplitude, mean stress
and elastic modulus, respectively. As shown in Fig. 4, the cyclic
strain-life curves of channel wall materials are mostly derived
by the Manson universal slope method.38
In the damage theory, the fatigue damage is usually de-
scribed by the remaining life, which is a major concept that
can be best illustrated in Eq. (8). D is the damage after the ini-
tial damaging process, and N represents the current number of
cycles already applied. Speciﬁcally, the fatigue damage D will
be equal to 0 for the undamaged material and 1 at the time
of rupture.Fig. 4 Low-cycle fatigue behavior of channel wall material by
Manson universal slope.D ¼ N
Nf
ð8Þ
Since the channel wall nozzle is subject to loading spectrum of
varying strain excursion for different work cycles under uni-
form constraint conditions, the modiﬁed continuous damage
model39 as depicted in Eq. (9) is proposed to evaluate the
low-cycle fatigue damage Dn after n work cycles. On the basis
of the assumption that the stress–strain behavior travels along
the identical hysteresis loop within a work cycle, the cycle-
based approach is applied to estimating the fatigue damage
di for the ith work cycle, which is deﬁned as the reciprocal of
Miner’s life Nf,i.
Dn ¼
Xn
i¼1
di
di ¼ 1=Nf;i
8><
>: ð9ÞFig. 5 Grid independence validation for thermal-structural
response analysis.
Fig. 6 Temperature distribution of channel wall nozzle during stationary work.
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In view of the thermal-structural response of channel wall nozzle
being the core part in the present context, calculations have been
carried out by using different ﬁnite element meshes as given in
Table 4. The explicit grid layout of slotted liner is illustrated in
Fig. 5(a). The comparison of the node shear stress–strain behav-
iors in the identical location for different cases is shown in
Fig. 5(b). Although the number of ﬁnite element nodes of Case
4 is much larger than that of the employed model, the difference
of the thermo-mechanical results between the two models is
inappreciable, whereas the difference between Case 3 and theemployedmodel is slightly obvious. It is evident that the adopted
mesh in this work is undoubtedly acceptable for adequate solu-
tion accuracy as well as admissible computational efﬁciency.
4. Results and discussion
4.1. Thermal load analysis
With coolant backward ﬂow layout applied in this study, the
temperature distribution of channel wall nozzle during hot
run is presented in Fig. 6. In conjunction with the diminished
temperature and pressure of hot gas in the nozzle extension,
Fig. 7 Von Mises strain distribution of slotted liner with
increasing work cycles.
Fig. 8 Node strain history during cyclic work process.
Thermal-structural response and low-cycle fatigue damage of channel wall nozzle 1455the efﬁcient regenerative cooling results in relatively lower
thermal load distribution of the slotted liner. As shown in
Fig. 6(b), the maximum temperature occurring at gas side wall
of nozzle extension inlet is approximately 700 K, and the liner
temperature close to nozzle outlet not exceeds 400 K. Since the
material properties are sensitively affected by the thermal load
as illustrated in Fig. 3, the strength of liner material at nozzle
inlet is distinctly inferior to that at nozzle outlet. The channel
structural strength, on the contrary, drops markedly with the
increase in nozzle area ratio due to the unceasingly enlarged
channel width. For this reason, appropriately attenuating the
liner thickness at nozzle inlet for enhancing the heat transfer
and increasing the liner thickness at nozzle outlet for heighten-
ing the structural reliability just as in this paper can effectively
improve the channel wall robustness. On the other hand, the
gradually dwindling channel height toward the nozzle inlet em-
ployed in this work has also brought the liner temperature
down a little due to the further accelerated coolant ﬂow.
And if it is all right, adding the coolant mass ﬂow and adopt-
ing the multi-section cooling concept will aggrandize the dura-
bility of channel wall nozzle incontestably. Another preferable
way to lessen the thermal load of slotted liner is applying the
coolant forward ﬂow layout for channel wall nozzle. The tem-
perature distributions of the two coolant ﬂow layouts are com-
pared in Fig. 6(b). Although the minimum temperature has aslight increase close to nozzle outlet, the maximum tempera-
ture of slotted liner falls visibly by about 160 K.
4.2. Thermal-structural response
The distributions of von Mises equivalent strain of channel
wall nozzle during the cyclic working process are presented
in Fig. 7. Owing to the somewhat severe thermal strain and
the considerable plastic strain close to the nozzle extension in-
let, which is caused by the integrated effect of the reduced
material strength and the diminishing liner thickness, the
appreciable channel wall deformation generally occurs in the
front region of the slotted liner. The most serious strain is
mainly located at the intersecting regions of liner gas side wall
and symmetric planes of channel and rib, where the fatigue
failure takes place initially. Another obvious feature given in
Fig. 7 is that the equivalent strain of the slotted liner continu-
ously rises with the increase in nozzle work cycles, especially
noteworthy in the above dangerous regions. The substantial
residual strain after each work cycle as shown in Fig. 7(b) also
reveals that the plastic strain accumulation is the primary
incentive for the fatigue failure of channel wall nozzle.
Fig. 9 Shear stress–strain curves of typical nodes during cyclic
work process.
1456 C. Cheng et al.For more intelligible analysis, the time histories of node ra-
dial strain (i.e. y component) are illustrated in Fig. 8. The rep-
resentative nodes in the dangerous regions of channel wall
nozzle are given in Fig. 7(b). The time history of the total node
strain is primarily dominated by the variation of plastic strain,
and the thermal strain also plays a signiﬁcant role in it, but the
contribution of elastic strain can be ignored. Since the typical
Node 12924 and Node 15505 are located at the symmetric
plane of rib and channel respectively, the forced states and
deformation modes under the coolant pressure are conspicu-
ously different. The plastic strains and total strains of the
two nodes persistently accumulate in approximately opposite
directions with the increasing work cycles of channel wall noz-
zle, whereas similar thermal strain variations are obtained due
to their lying in the same axial cross section of slotted liner.
The accumulation processes of node radial strains also reveal
that the residual strains of Node 12924 and Node 15505 both
approximately augment linearly with the increase in nozzle
work cycles. And, furthermore, the strain growing ranges are
remarkable.
Sequentially undergoing the cyclic operations, the essen-
tially uniform strain variations in each work cycle for Node
12924 and Node 15505 can be obtained. In view of the plastic
strain and thermal strain of Node 12924 varying in the same
direction, the maximum node radial strain occurs during sta-
tionary work, while both of the plastic and thermal strains
hit the maximal magnitude. Then, with the decrease of coolant
pressure and thermal load, the total node strain reduces to the
residual plastic strain. On the contrary, ascribing to the plastic
strain and thermal strain of node 15505 varying in the opposite
directions, the node radial strain during stationary work turns
into the minimum in each work cycle, and the residual strain
becomes the maximal magnitude.
The shear stress–strain responses of typical nodes in the
dangerous regions of the slotted liner are shown in Fig. 9. It
makes clear that the increasing work cycles lead to the
stress–strain hysteresis loops of Node 12924 and Node 15505
developing in opposite directions. Though both the residual
and mean shear strains of the two nodes grow up unceasingly
during the cyclic working process, the strain amplitudes as well
as the strain increments in each work cycle are almost equal.
Consequently, this cyclic creep of channel wall nozzle under
consistent thermo-mechanical restrictions is known as the rat-
cheting behavior.22 Moreover, a close-up view of the detailed
stress–strain behavior in the ﬁrst work cycle is given in
Fig. 9(b). With the variation of thermal load during the cyclic
work, the altering material strength plays a dramatic role in
the thermal-structural response of channel wall nozzle. Specif-
ically speaking, the softening liner during hot run produces a
drastic deformation under nearly invariable coolant pressure
action, whereas the hardening material during post-cooling
compels the plastic strain changes.4.3. Low-cycle fatigue damage and life estimation
In accordance with the thermal-structural response during the
cyclic working process, the obtained low-cycle fatigue damage
distributions of channel wall nozzle are presented in Fig. 10(a).
It is apparent that the perceptible fatigue damage mainly oc-
curs in the front region of the slotted liner. The increasing noz-
zle work cycles bring about remarkable fatigue damageaccumulation, especially obvious in the intersecting dangerous
areas of liner gas side wall and symmetric planes of channel
and rib. As similar thermo-mechanical behavior of channel
wall nozzle has been acquired in each work cycle, the low-cycle
fatigue life distribution applying Miner’s rule of linear damage
accumulation on the basis of the calculated fatigue damage in
the ﬁrst work cycle is given in Fig. 10(b). Obviously, the esti-
mated service life has the uniform distribution feature with
the fatigue damage. The fatigue lives of the typical Node
12924 and Node 15505 equal to 112.8 and 117.5 cycles
respectively.
Fig. 11 has provided the evaluated low-cycle fatigue dam-
age values of the representative nodes with increasing nozzle
work cycles. Although the computed strain amplitudes as well
as the residual strain increments of the typical nodes in each
work cycle are almost equal, the fatigue damages of the two
nodes accumulate nonlinearly. A simpliﬁed nonlinear damage
accumulation method is proposed to estimate the low-cycle fa-
tigue life of channel wall nozzle. It applies a ﬁtted quadratic
polynomial curve with the formula as in Eq. (10) according
to the obtained node damage amassing trend. The dependency
relationship between the nonlinear prediction damage Dnon
and the number of nozzle work cycles N is deﬁned by the
Fig. 10 Low-cycle fatigue damage and Miner’s life distributions of channel wall nozzle.
Fig. 11 Node low-cycle fatigue damage during cyclic work
process.
Thermal-structural response and low-cycle fatigue damage of channel wall nozzle 1457coefﬁcient a and b, both of which are determined by the strain
history of the speciﬁed node. The nonlinearly predicted low-cy-
cle fatigue damages of Node 12924 and Node 15505 with
increasing work cycles are described in Fig. 11. It indicates that
the service lives of the two nodes are 23 missions, which are the
relatively conservative estimation far below the Miner’s lives.
In practice, the low-cycle fatigue life of channel wall nozzle
can be assessed by the measured damage accumulation trend
lines in crucial locations of test model, which is chosen ran-
domly from a batch of identical reusable nozzles.
Dnon ¼ aN2 þ bN ð10Þ5. Conclusions
(1) During the cyclic work of channel wall nozzle, the vari-
ation of non-uniform thermal load distribution plays a
signiﬁcant role in the thermal-structural response by
altering the material properties.
(2) The interaction of thermal–mechanical loads and vary-
ing material strength during the cyclic work results in
serious strain in the front region of the slotted liner.
The most dangerous areas of channel wall nozzle are
located at the intersecting regions of the liner gas side
wall and symmetric planes of channel and rib. With
the increase in nozzle work cycle, the residual strain
accumulates linearly, and the strain amplitudes as well
as the increments in each work cycle are almost equal
respectively.
(3) The most serious fatigue damage occurs in the critical
locations of slotted liner, where the fatigue failure takes
place initially. To estimate the nonlinearly growing up
fatigue damage of channel wall nozzle, a simpliﬁed non-
linear damage accumulation approach has been pro-
posed. The predicted lives of the typical nodes are
obviously conservative to the Miner’s lives.
1458 C. Cheng et al.(4) To improve the durability of channel wall nozzle, several
ways have been suggested, including appropriately
attenuating the liner thickness at nozzle inlet but increas-
ing it at nozzle outlet, applying multi-section cooling
concept and employing coolant forward ﬂow layout etc.
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